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We perform a statistical study of the turbulent power spectrum at inertial and kinetic scales
observed during the first perihelion encounter of Parker Solar Probe. We find that often there is
an extremely steep scaling range of the power spectrum just above the ion-kinetic scales, similar to
prior observations at 1 AU, with a power-law index of around −4. Based on our measurements, we
demonstrate that either a significant (> 50%) fraction of the total turbulent energy flux is dissipated
in this range of scales, or the characteristic nonlinear interaction time of the turbulence decreases
dramatically from the expectation based solely on the dispersive nature of nonlinearly interacting
kinetic Alfve´n waves.
PACS numbers:
Introduction.— In many astrophysical settings, the
background plasma is both highly turbulent and nearly
collisionless. The dissipation of this collisionless turbu-
lence is important for heating the plasma [1–6], but the
precise physical mechanisms involved are still a matter of
debate [7]. As an example, the observed ion temperature
profiles in the solar wind requires significant (perpendicu-
lar) ion heating, which is likely initiated at around the ion
scales where particles can interact efficiently with electro-
magnetic waves [8]. Such heating should cause a transfer
of energy from the waves to the particles around the ion
scales, and thus would cause a steepening of the spectrum
at these scales; this motivates our present study.
The solar wind provides a convenient example of col-
lisionless plasma turbulence that can be studied us-
ing in situ spacecraft observations. Taylor’s hypothe-
sis ωnl  k⊥VSW, where VSW is the solar wind speed,
is assumed to be well satisfied, so that the observed
spacecraft-frame frequency spectra may be simply con-
verted to wavenumber spectra. At large scales (much
larger than characteristic ion-kinetic scales), the dom-
inant turbulent fluctuations appear to be nonlinearly-
interacting Alfve´nic turbulence [9], with a power-law
spectrum between k
−5/3
⊥ [10] and k
−3/2
⊥ [6, 11], in rough
agreement with various MHD turbulence theories [12–
15]. At scales much smaller than the ion gyroradius
ρi = vthi/Ωi (with vthi =
√
2T0i/mi the ion thermal
speed and Ωi = ZeB0/mi the ion gyrofrequency), the
spectrum steepens to about k−2.8⊥ [16–18], as the non-
dispersive Alfve´nic turbulence transition to dispersive ki-
netic Alfve´nic turbulence, as confirmed, for example, by
measurements of the density fluctuation spectrum [19].
This steepening occurs due to the change in the disper-
sion relation, and occurs even without any dissipation:
a fluid approximation to the dynamics in this range of
scales (ERMHD) leads to a prediction of an k
−7/3
⊥ spec-
trum [20], while simulations of this fluid approximation
obtain a k
−8/3
⊥ spectrum [21], which has been ascribed to
intermittency. Our results will broadly confirm this pic-
ture of the large- and small- scale turbulent spectrum.
In addition to these power-law scalings at large and
small scales, a “transition range” around the ion scales
with a spectrum significantly steeper than the k−2.8⊥ in
the sub-ion range has often been observed in the solar
wind [22–27]. Because this anomalous steepening dis-
appears at scales deeper in the sub-ion range, it is not
possible to explain by means of the kinetic Alfve´n wave
(KAW) dispersion relation. The two main proposed ex-
planations are, first, strong dissipation of the turbulence
around the ion scales [28], and, second, nonlinear effects
which may increase the characteristic cascade rate of the
turbulence: e.g., the onset of reconnection [29–31], the
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2increasing importance of nonlinear interactions between
co-propagating waves [32], or the influence of coherent
structures [27, 33, 34]. In this Letter, we assess these
two possibilities using a simple model which is agnostic
as to the exact physical mechanisms responsible for dis-
sipation and increased cascade rates.
Cascade model.— We use a Batchelor cascade model
[35, 36]. The turbulent energy flux k⊥ through
wavenumber k⊥ is related to the spectrum Ek⊥ =
b2k⊥/k⊥, bk⊥ being the turbulent amplitude at k⊥, via
k⊥ = ωnlk⊥Ek⊥ , (1)
where
ωnl = k⊥bk⊥ ω˜k⊥ = k
3/2
⊥ E
1/2
k⊥ ω˜k⊥ (2)
is the characteristic nonlinear frequency [58] (inverse cas-
cade time) at k⊥, and ω˜k⊥ parametrizes both dispersive
(e.g., from the dispersive KAW [20]) and/or nonlinear
effects (e.g. caused by dynamic alignment [13], intermit-
tency [21], or reconnection [29]). In statistical steady
state far from the injection scales (cf. [36, 37]) one ob-
tains a simple equation with solution
1− Qˆk1,k2 =
k2
k1
= exp
{
−
∫ k2
k1
γk⊥
ωnl
dk⊥
k⊥
}
, (3)
where γk⊥ is the energy dissipation rate at k⊥ (we do
not specify a physical mechanism), and Qˆk1,k2 is the
fractional heating rate over the range [k1, k2]. If γk⊥ =
0 ∀ k⊥ ∈ [k1, k2], then k⊥ is conserved between k1 and
k2. Using Eqs. 1-2,
Ek2
Ek1
=
(
k2
k1
)−5/3(
k2
k1
)2/3(
ω˜k1
ω˜k2
)2/3
. (4)
Deviations from a k−5/3 spectrum (first bracket) must be
caused by either dissipation (second bracket) or disper-
sive/nonlinear effects (third bracket) [59]. In our analy-
sis, we use Eq. 4 to relate in situ measurements of the
spectrum to estimates of the heating rate and/or anoma-
lous ω˜k⊥ scalings in the transition range.
Data and fitting.— The FIELDS [38] and Solar Wind
Electron Alpha and Proton (SWEAP, [39]) instrument
suites on the Parker Solar Probe (PSP) mission [40]
provide in situ measurements of the inner-heliosphere
plasma environment, enabling detailed studies of turbu-
lence [6, 41, 42]. Preliminary observations using MAG
data show a steep f−3 to f−4 spectrum of the magnetic
field fluctuations close the the ion scales [43–45], but the
noise floor of the MAG at higher frequencies has so far
precluded a detailed study.
In this Letter, we use a data-set which merges the
PSP/FIELDS MAG and SCM measurements [46], oper-
ating at 293 samples per second, enabling simultaneous
measurements of the full range of ineritial, transition, and
kinetic turbulent scales. Our data is from the first PSP
perihelion encounter, when the spacecraft was magneti-
cally connected to a small equatorial coronal hole gener-
ating slow, but highly Alfvenic solar wind [43], from 2018-
11-04/09:28:19 to 2018-11-07/09:28:19. We separate the
encounter into intervals of 216 samples (∼223.69 s). A
50% overlap between intervals is used improve statistics.
Average plasma n0, T0i, and T0e are computed for each
interval using the SWEAP data [39, 47, 48]. The spectral
density is computed by averaging eight non-overlapping
sub-intervals of vector magnetic field measurements. In-
tervals were rejected if no finite SWEAP measurements
exist, or if the SCM was in a low gain mode (∼ 1 hr each
day). Intervals with ion scale waves, observable in 30-
50% of radial field intervals, which strongly affect mea-
surements of ion-scale turbulence, are excluded [43, 49].
In total, 227 intervals were kept. We consider frequencies
up to 100 Hz, corresponding to k⊥ρi ≈ 10, avoiding the
SCM noise floor which is occasionally reached at higher
frequencies.
KAW have intrinsic density fluctuations [20, 50], which
at k⊥ρi >∼ 1 provide a non-negligible contribution to
the total free energy. We estimate this contribution by
determining δne from the pressure balance δB‖/B0 =
−(βi/2)(1 + ZT0e/T0i)δne/n0e, appropriate for KAW,
and estimate the total free energy [60] as
Etot =
|δB|2
2µ0
+
n0eT0e
2
(
δne
n0
)2
. (5)
Figure 1(a) shows an example interval with transition-
range steepening to an approximate f−4 spectrum at ion
scales, similar to Cluster observations at 1 AU [25, 26].
At the highest frequencies, the measured spectral index is
consistent with the modified kinetic Alfve´n wave scaling
of E ∝ f−8/3. Anomalous transition-range steepening
is not present in a second example interval, presented
in Figure 1(b), but an approximate f−8/3 scaling at the
higher frequencies is evident.
Spectra are fit with two-power-law (2PL) and three-
power-law (3PL) functions using non-linear least square
optimization of χ2 residuals. Figure 1 shows the local
moving window spectral index computed over a decade
of frequencies for the data and each model (Figure 1(c,d).
The 3PL fit allows for determination of spectral indices
of the inertial (αI), transition, (αT ), and kinetic (αK)
ranges and the break points (f∗IT and f
∗
TK). The inclu-
sion of a third spectral range introduces two additional
degrees of freedom (the transition break, f∗IT , and in-
dex, αT ), which inherently improve the square residuals
[61]. The significance of the improvement in χ23PL (over
χ22PL) when removing degrees of freedom (DOF), e.g.
through including more fit parameters, is determined by
the probability P (F ) of drawing F from the appropriate
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FIG. 1: (a,b) Examples of PSP/FIELDS magnetic field spec-
tra with 3PL (blue) and 2PL fits (orange). Black dashed
lines show measured 3PL spectral breaks. (c,d) spectral in-
dices computed from data (black), 3PL (blue) and 2PL fits
(orange). Dashed lines are shown corresponding to spectral
indices of -8/3 (teal) and -4 (purple). Top interval has statisti-
cally significant spectral steepening, while the bottom interval
is well modeled by the 2PL fit.
f -distribution [51]:
F =
χ22PL − χ23PL
DOF2PL −DOF3PL /
χ23PL
DOF3PL
.
Figure 2(a) shows the distribution of measured f -test
significance values, P (F ). The continuum of significance
values suggests that transition range steepening is pos-
sibly caused by some continously-variable, non-universal
process. We separate the distribution into populations
corresponding to the bottom and top half percentiles, ap-
proximately distinguishing intervals best fit by 3PL from
intervals for which the 2PL fit is sufficient. The notation
χ23PL and χ
2
2PL refers respectively to the two populations.
Figure 2(b) shows the histogram of measured spectral
indices for 3PL fits for αI , αT , and αK . Distributions are
shown separately for χ22PL and χ
2
3PL. For the χ
2
3PL pop-
ulation, the spectral index for the transition range has
a mean of 〈αχ23PLT 〉 = −3.9, standard deviation of 0.42,
and range of [−5.8,−3.1]. Table I shows mean spectral
indices for both the 2PL and 3PL fits to each range. The
average 3PL transition range fit for the χ22PL popula-
tion values, 〈αχ22PLT 〉 = −3.18, is significantly close to the
mean kinetic range index for the 2PL fit, -2.9.
The spacecraft frequencies fρi , fdi and fρdisp associ-
ated with wave-numbers corresponding to the ion gyro-
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FIG. 2: (a) Histogram of f -test significance values P (F ); the
cumulative distribution is shown as a dashed line. (b) Dis-
tribution of fitted spectral indices for the χ23PL (blue) and
χ22PL (orange) populations, in the inertial αI (solid), tran-
sition αT (dashed), and kinetic αK (dotted) ranges. (c,d)
Measured break frequencies (fIT ,fTK) compared to physical
plasma scales: fρ (red), fdi (blue), and fdisp (green).
TABLE I: Measured mean spectral indices from 3PL and 2PL
fits to both χ22PL and χ
2
3PL populations.
2PL Fit 3PL Fit
Pop. 〈αI〉 〈αK〉 〈αI〉 〈αT 〉 〈αK〉
χ22PL -1.7 -2.9 -1.7 -3.1 -2.7
χ23PL -1.6 -3.1 -1.6 -3.9 -2.6
scale ρi, inertial scale di = ρi/
√
βi and the “dispersion
scale” ρdisp = ρi
√
(1 + T0e/T0i)/2 at which the KAW
become dispersive [52], respectively, are computed using
the Taylor hypothesis 2pif = vswk where βi = v
2
thi/V
2
A
and the Alfve´n speed is vA = B0/
√
n0imiµ0.
Figures 2(c,d) show the probability and cumulative dis-
tributions of the break scales of the χ23PL population.
The measured breakpoints are normalized to the frequen-
cies fρi , fdi and fρdisp . Figure 2(c) shows that f
∗
IT , the
break from the inertial range to the anomalously steep
transition range, occurs at significantly lower frequencies
4than any considered physical scale. Figure 2(d) shows
that the break between the transition to kinetic ranges,
f∗TK , is most similar to fρi .
Physical interpretation: dissipation.— Eq. 4 implies
that the observed steep spectra are associated with ei-
ther significant dissipation or nonlinear speedup of the
cascade in the transition range. First assuming that the
steep spectrum is due to dissipation [22, 37, 53–57], i.e.
k⊥ decreases with k⊥ across the transition range. It is
necessary to then make an assumption about the baseline
variation of ω˜k⊥ with k. To this end, we construct from
our 3PL fits a synthetic spectrum:
E∗(f) =
{
cIf
αI if f < f∗IT
cT f
αK if f > f∗IT .
(6)
This joins the fitted inertial-range spectrum to a syn-
thetic spectrum with the fitted kinetic-range exponent
αk at the inertial-transition break f
∗
IT [62]. An example
of this synthetic spectrum is shown in Figure 3(a). We
use E∗ to determine ω˜∗k⊥ (cf. Eqs. 1-2), assuming that
this synthetic spectrum is what would result if ∗k⊥ were
constant. Using this synthetic ω˜∗k⊥ and the fitted 3PL
spectrum E3PL in Eq. 4 results an estimate of the frac-
tional heating rate in the transition range relative to the
synthetic spectrum,
1− Qˆ∗ = f
∗
TK
f∗IT
=
(
E3PL(f∗TK)
E∗(f∗TK)
)3/2
. (7)
Figure 3(b) shows measured ratios of TK/IT as a
function of transition range spectral index αT . Thus,
transition range spectral indices of αT ≈ −4 may be a
signature of significant ion-scale heating, corresponding
in some cases to > 90% of the turbulent energy flux.
Physical interpretation: nonlinear effects.— Second,
it is possible that the anomalously steep transition range
spectrum is due to nonlinear effects which dramatically
increase ω˜k⊥ , and therefore also ωnl (cf. Eqs. 2,4) across
this range. Let us now assume that k⊥ is a constant,
and use Eq. 4 to determine for each interval the scaling of
ω˜k⊥ , and therefore ωnl, that matches the measured spec-
trum. Figure 3(c) shows this for one example interval. In
the inertial range, the wave-number scalings are similar
to those predicted in MHD turbulence models: between
ωnl ∝ k2/3⊥ [12] and ωnl ∝ k1/2⊥ [13]. In the kinetic range,
the scaling is again similar to predictions of the KAW tur-
bulence models: between ωnl ∝ k4/3⊥ [20] and ωnl ∝ k5/3⊥
[21]. In contrast, within the transition range, ωnl has a
very steep scaling, which therefore may be the signature
of some nonlinear process speeding up the cascade. De-
termining the exact mechanism behind this is beyond the
scope of this Letter, though several possibilities include
tearing mode physics [29–31], interactions between co-
propagating dispersive fluctuations [32], or intermittent
coherent structures [27, 33, 34].
The fitted E3PL and synthetic E∗ spectra allow an
estimate of the increase in non-linear interactions due
to transition range steepening, using Eq. 1 and taking
k⊥ constant. Figure 3(d) shows the ratio of ω
3PL
nl /ω
∗
nl
evaluated at f∗TK . Thus, for nonlinear effects to explain
the steeper spectra without dissipation, ωnl must anoma-
lously increase by a large factor of >∼ 5.
Discussion.— We have performed a detailed study of
the scaling properties of the turbulent fluctuation spec-
trum in the inner heliosphere using data from the first
PSP encounter. We find that the spectrum is well-
modelled by either two or three separate power-law scal-
ing ranges. In common with previous measurements at
1AU, we find that at low frequencies, there is an “iner-
tial range” with a spectral index of around −5/3 to −3/2
[6, 10, 11], while at high frequencies, there is a “kinetic
range” with a spectral index of around −2.7 [16–18]. Be-
tween these, there often appears an anomalously steep
“transition range”, with a highly variable spectrum with
mean spectral index around −4. When observed, this
transition range begins at scales much larger than the
characteristic ion-kinetic scales, but ends at scales com-
parable to the ion gyroradius. Our preliminary analysis
has not identified clear correlations between signatures
of the transition range and background plasma proper-
ties critical in identifying the specific process responsible:
e.g. δB/B0, βi,e, T0e/T0i.
We show that this steep transition range corresponds
to either significant dissipation of the turbulence into
heat, or a dramatic nonlinear speedup of the cascade. We
use a synthetic spectrum which has the transition range
removed to show that, if dissipation is the dominant ef-
fect, the mean transition-range spectral index of −3.9
corresponds to 90% of the turbulent energy flux being
dissipated into heat over this range, indicating significant
ion-scale heating. One important candidate mechanism
which could cause this dissipation is stochastic heating
[28]. Alternatively, if nonlinear speedup of the cascade
is the dominant effect, we show that this means that the
nonlinear frequency (inverse cascade time) of the turbu-
lence must increase by a large factor of >∼ 5 relative to the
case without a transition range. Some possibilities that
could cause this effect include reconnection onset and the
associated loss of dynamic alignment [29, 31], nonlinear
interactions between co-propagating waves [32], or the
presence of intermittent coherent structures [27, 33, 34].
Further work is needed to distinguish between these
mechanisms. The analysis of this Letter shows that,
whichever of these explanations turns out to be correct,
in the inner heliosphere the observed steepness of the
transition range spectrum has dramatic and important
effects on the dynamics of collisionless plasma turbulence.
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FIG. 3: (a) Measured power spectrum with transition range steepening from Figure 1(a) (black), with the corresponding
fitted E3PL (blue) and synthetic E∗ (orange) spectra; fitted inertial-transition and transition-kinetic break scales are plotted
(vertical dash-dotted lines). (b) Measured ratios of energy flux at transition-kinetic break scale relative to inertial-kinetic scale,
TK/IT , plotted against transition range spectral index αT for all intervals. (c) The dependence of the nonlinear frequency
ωnl on spacecraft-frame frequency for interval in (a), assuming constant k⊥ at all frequencies. Various power-law scalings of
ωnl ∼ fαωnl are shown with dashed lines. (d) Measured increase of ωnl over the transition range relative to the synthetic
spectrum E∗, as a function of the transition range scaling index of the nonlinear frequency, αω for all intervals.
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